Following a similar trend in the scaling of electronic integrated circuits (ICs), the downscaling of optical sources promises revenues such as higher energy efficiency and faster operation speed in photonic ICs. With the rapid development of advanced fabrication techniques and optical cavity designs, light confinement and manipulation at the nanoscale, far below the diffraction limit of light, have been achieved. However, downscaling can lead to problems such as large threshold current and excessive self-heating for nanolasers. In addition, the modulation bandwidth of a laser is ultimately limited by the large damping at high injection current levels due to gain compression. Recently, nanoLEDs that utilize the Purcell effect were proposed as fast and efficient nanoscale light sources to address the limitations of nanolasers. In this review, we summarize recent advances and several important figures of merit of nanoLEDs. To illustrate their practicalities, we use a specific nano-emitter design example to calculate and predict the dynamic response as well as energy consumption of the device with a rate-equation analysis. This short review is intended to offer new perspectives to the design and application of nanoscale light sources in high-speed on-chip optical communication systems.
Introduction
According to the forecast by Cisco in 2017 [1] , the global data centre IP traffic will experience a threefold increase and reach 20. 6 Zettabytes by year 2021. Meanwhile, hyper-scale data centres are expected to almost double their numbers. Considering that over 70% of IP traffic resides within data centres, there is a dire need to simultaneously increase the energy efficiency and data transmission speed for short-range communication such as intra-chip and inter-chip data transfer between the processor and memory. As data transportation across short electrical wires is limited by both the power density and bandwidth [2] , pure electrical communication links in semiconductor microchips have become a performance bottleneck for hyper-scale data centres [3] .
To combat these shortcomings of electrical communication links, optical communication links based on electronic-photonic integration were proposed [4, 5] . An essential component in an optical communication link is a light source. In terms of light emission mechanisms, light sources can be primarily divided into two categories: (1) light-emitting diodes (LED) based on spontaneous emission; and (2) lasers based on stimulated emission [6] . For long-haul fibre or free-space optical communications, lasers are the ideal choice because they feature higher output power level, smaller spot size and more coherent emission. In addition, lasers have larger modulation bandwidth than conventional LEDs due to their faster stimulated emission process. As a result, LEDs were not considered as efficient light sources for high-speed optical communications for a long time. In spite of these disadvantages, LEDs may find applications in short distance inter-and intra-chip optical communications. Because LEDs do not have to reach lasing threshold to operate, the requirement for low-loss cavity is less stringent. Consequently, they can be very efficient at low injection current levels, as well as not being too sensitive to fabrication imperfections [7, 8] . Nonetheless, the operation speed of conventional LEDs is much slower than that of lasers. In the optical regime, dipole oscillations of atoms, molecules, or quantum dots in their excited states give rise to spontaneous emission. According to the Wheeler limit [9] , the radiation rate Δω of an antenna is proportional to ω l=λ ð Þ 3 , where λ is the radiation wavelength of the electromagnetic wave and l is the antenna arm length. Compared to classical antennae, the dipole oscillators in semiconductor gain materials are too small in size to act as efficient antennae for their own electromagnetic radiation. Thus, spontaneous emission is a very slow process, which becomes an inherent limitation for the high-speed operation of LEDs. Via the circuit analysis method, it is found that the dipole emission rate can be greatly enhanced by coupling the dipole oscillator to an optical antenna [10] . Alternatively, this enhancement of spontaneous emission can be explained by the well-known Purcell effect, where the spontaneous emission rate of a dipole oscillator is modified by its electromagnetic environment [11] . Utilizing these techniques, the modulation bandwidth of nanoLEDs can exceed that of the gain compression limited lasers, in addition to their reduced energy consumption during the duty cycle [12] . Whereas many studies have focused on the modulation speed of lasers over the past few decades (for some comprehensive reviews, see ref [13] [14] [15] ), the exploration of nanoLEDs is just starting.
Besides modulation speed, another important figure-of-merit of light sources in an electronic-photonic integration environment is the physical volume of the device. As metal absorption loss is significant in the optical regime, optical cavities are conventionally made of only dielectric materials [16, 17] . However, the device footprint of dielectric cavities sets a great challenge for the dense chip-scale integration with other photonic and electronic components. In recent years, a variety of nanoscale light sources using metallic cavities have been reported [18] [19] [20] [21] . The confined mode in these cavities is of the plasmonic type, either surface plasmon polariton (SPP) modes or localized surface plasmon resonance (LSPR) modes. Because of the strong localization of electromagnetic energy in metallic cavities, they can have very high Purcell factors because of their small effective modal volumes. However, the absorption loss of metal lowers the cavity quality factor and typically leads to a higher lasing threshold. Consequently, the application of plasmonic nanolasers in chip-scale circuits is still limited so far. The desire to bypass the constraint of lasing threshold while utilizing the high Purcell factor motivated the inception of nanoLEDs [22] . In this paper, we will review a few nanoLED designs using metal with a focus on the design and operation principles [8, 23, 24] . The aim of this review is to prove the feasibility of nanoLEDs for high-speed on-chip optical communication applications and to serve as a guideline for the design of this type of nanoscale light sources.
NanoLED

Figures of merit for nanoLEDs
Size scaling of LEDs
Downscaling of LEDs can bring several benefits: (1) higher integration density enabled by the reduced device footprint; (2) higher efficiency as a result of higher current density at the same injection level [25] ; (3) higher modulation bandwidth because of the enhanced emission into the desired spatial mode with Purcell enhanced spontaneous emission. Driven by these advantages, a variety of nanoLED designs, including photonic crystal LED [26] , metallic cavity LED [8, 27] and antenna-coupled LED [23] have been presented in recent years. Various nano-cavities and nano-resonators suitable for nanoLED designs are shown in Figure 1 , including a photonic crystal nanocavity ( Figure 1(a) ), a metallic nano-pillar cavity (Figure 1(b) ), a bowtie nanoantenna ( Figure 1(c) ) and a plasmon nano-antenna array (Figure 1(d) ). Among these different designs, the metallic pillar nano-cavity provides 3D subwavelength optical mode confinement with a device cross-sectional area of only 325 × 325 nm 2 . Under electrical pumping, authors of ref [8] were able to operate the device with a modulation bandwidth up to 5 GHz with a moderate Purcell factor of 12. Given that much larger Purcell factors can be provided by metallic cavities [24, 28, 29] , we believe the metallic cavity is a promising design platform for high-speed nanoLEDs.
Inevitably, there are some trade-offs that come with the minimization of LED: (1) due to the momentum mismatch between the high k-vector mode inside the nanoLED and the low k-vector mode of an envisioned adjacent on-chip waveguide, the electromagnetic energy tends to be concentrated in the cavity and the coupling efficiency between these two components is low [7] ; (2) with the limited output power of nanoLEDs, it is hard to exceed the thermal noise level of the detector, which is on the order of one thousand photons [32, 33] . As a result, designing an optimized nanoLED becomes quite challenging.
Enhanced spontaneous emission in nanoLEDs
Ever since the first demonstration of III-V LED around 1962 [34, 35] , researchers have spent tremendous effort to increase the modulation bandwidth of LEDs for the transmission of audio and video signals over short distance. Over the years, several approaches have been proposed. In 1999, a 1.7 GHz modulation bandwidth GaAs LED was demonstrated using heavily beryllium doped (7 Â 10 19 cm À3 ) GaAs. As the carrier concentration increases in the active region, the radiative minority carrier lifetime decreases to~100 ps, which results in an increased modulation bandwidth [36, 37] . Heterojunction bipolar light emitting transistor (HBLET) was proposed in 2004 and was expected to operate at bandwidths up to tens of GHz and beyond [38] . This HBLET utilizes a unique tilted base charge population design that stops the base electronhole recombination to compete with the charge collection at the reverse biased collector junction. As a result, only the 'fast' recombination process is selected ('filtered') and allowed to happen in the base area. The effective minority carrier lifetime can be decreased to the order of picoseconds. Applying this design idea, a tilted-charge LED was proposed in 2009, promising a modulation bandwidth of~7 GHz [39] . Nonetheless, it is still challenging to operate LED above tens of GHz. To further increase the modulation bandwidth, new design schemes have to be developed.
For III-V semiconductors, the spontaneous emission lifetime of~1ns [12] is very long compared to a typical LED's photon lifetime on the order of picoseconds. As spontaneous emission is the dominant process in LEDs, conventional semiconductor LEDs have very low modulation bandwidth limited by the spontaneous emission lifetime [12] :
Nevertheless, the spontaneous emission rate can be altered by using either optical antennae or optical cavities. In antenna theory, spontaneous emission in semiconductors is an inherently slow process owing to the size mismatch between the dipole length of the optical dipole oscillator in the excited state and the wavelength of the emitted light. Such a mismatch implies that an emitter in the semiconductor gain material behaves as a poor antenna for its own light emission. Thus, the spontaneous emission rate can be enhanced by adding an optical antenna to extend the effective length of the dipole oscillator such that it is closer to the emission wavelength.
On the other hand, in electromagnetic theory, the modification of an emitter's spontaneous emission rate in a cavity compared to that in free space can be described by the Purcell factor [11] .
Where Q and λ c are the quality factor and resonance wavelength of the cavity, respectively, n a is the refractive index of the active material, and V eff is the cavity's effective modal volume. Because the extreme minimization of V eff is possible with the strong electric field localization in metallic cavities utilizing plasmonic modes, both optical antenna and metallic cavity are excellent candidates to incorporate into ultrafast nanoLED designs.
By studying the dynamic rate equations, it has been theoretically shown that nanoLEDs could operate faster than nanolasers with the aid of Purcell effect enhanced spontaneous emission [12, 22] . As shown in Figure 2 , for both bulk and multiple quantum well gain media, the largest modulation bandwidth is obtained in the nanoLED region, where the optical cavity has an extremely small effective modal volume while maintaining a moderate Q factor. To improve mode confinement and reduce effective modal volume, researchers have taken different approaches in the design of optical cavities. Numerous designs such as the photonic crystal nanobeam cavity [40] , photonic crystal slab cavity, plasmonic nanodisk cavity [29] , metallic coaxial cavity [24, 41] , and Fin-FET like cavity [12] all show their potentials to have effective modal volumes in the regime where nanoLEDs outperforms nanolasers in speed.
Applying the design principle illustrated above, the potential of nanoLEDs as high-speed on-chip light sources towards 100 GHz modulation bandwidth has been theoretically proven [23] . The antenna coupled LED in Figure 3 consists of a nanoscale InP/InGaAs multiple quantum well p-n junction ridge coupled to a cavity-backed slot antenna (Figure 3 (a)) [23] . As the electromagnetic energy is extremely confined within the narrow slot (Figure 3(b) ), spontaneous emission rate can rise by 1000-fold by scaling the ridge width to below 20 nm. For a device with 10 nm ridge width, the calculated 3-dB modulation bandwidth can reach as high as 115 GHz in a very broad current density range. Therefore, this antenna coupled nanoLED can be very energy efficient under high-speed operation condition.
Apart from antenna-coupled nanoLEDs, the Purcell enhanced spontaneous emission has also been demonstrated in metallic cavity nano-emitters both theoretically and experimentally [8, 42] . Figure 4(a) shows an optically pumped nano-emitter design, in which a semiconductor GaAs cylinder is coated by a thin Si 3 N 4 adhesion layer and a thicker silver (Ag) layer [42] . The 5 nm Si 3 N 4 dielectric layer is introduced to reduce the non-radiative recombination at the interface, and a moderate Purcell factor (≈ 15) is achieved over an 80 nm spectral range. A similar electrically pumped nanoLED design is shown in Figure 4(b) , where a metallic nanopillar LED is coupled to an InP membrane waveguide on a silicon substrate for telecommunication applications. With this design, the authors of ref [43] demonstrated full III-V/Silicon compatibility with the InP membrane on silicon (IMOS) integration platform. In conclusion, both antenna-coupled nanoLEDs and metallic cavity nanoLEDs have demonstrated their potentials and capabilities as high-speed nanoscale light sources.
Direct current modulation
Until now, most optical communication systems make use of intensity modulation of the lightwave (i.e. its intensity or power is varied according to the data to be transmitted) since it allows the use of a very simple detection process. In this detection scheme, the generated photocurrent in a photodiode is proportional to the incoming optical power.
In the intensity modulation scheme, the driving current (I b ) is varied according to the modulating signal, resulting in the modulation of the emitted power. In Figure 5 , the modulated optical signal is represented by two different values of the bias currentnear threshold and far above threshold. When the input signal is modulated at larger bias current, the output has an improved dynamic behaviour but poorer extinction ratio. Due to the simplicity of the directly modulated system, we adapt this scheme in the discussion of device speed and performance in the proceeding sections.
NanoLED design: a shifted-core coaxial nanoLED
In this section, we use a specific nano-emitter design, which can be modified to a nanoLED by adding electron-and hole-transport layers, to provide quantitative analysis of the key figures of merit discussed above, namely, size scaling, spontaneous emission rate and modulation speed.
Device structure
In 2018, an optically pumped shifted-core coaxial nano-emitter featuring small size, high modulation speed and high coupling efficiency to an adjacent waveguide was proposed [24] . The device structure is shown in Figure 6 with 3D and cross-sectional views. The InGaAsP asymmetric-ring structure forms the body of the cavity, and the 10 nm InP layer on top of InGaAsP functions as a protection layer. The III-V semiconductor material is sandwiched between 40 nm SiO 2 upper plug and 10 nm SiO 2 lower plug. Therefore, the high refractive index contrast results in total internal reflection to form a Fabry-Pérot cavity in the vertical direction. Accompanied by the metal-dielectric-metal coaxial cavity in the horizontal direction, the optical mode is well confined in the nano-cavity with a footprint as small as 640 × 640 × 330 nm 3 [41] . Although InGaAsP's wide gain spectrum from 1260 nm to 1590 nm poses a big challenge for the desired single-mode operation, the nano-cavity can be designed to support only the quasi-TEM mode within an impressively broad core shifting range from 0 to 110 nm. With single-mode operation, the spontaneous emission factor β, defined as the ratio of spontaneous emission into the quasi-TEM mode to the total spontaneous emission, is close to unity. Therefore, high energy efficiency can be expected.
Numerical simulation: size, speed and emission directionality
The Q factor, resonant wavelength and modulation bandwidth of the device as a function of the core-shifting distance d are depicted in Figure 7 , showing that the modulation bandwidth can be greatly enhanced by the Purcell effect and reaches tens of GHz, which is well above the modulation speed of conventional LEDs.
In addition to the small footprint and large modulation bandwidth, the shifted-core coaxial nano-emitter also emits directionally. The coupling efficiency between an optical cavity and a waveguide depends primarily on two factors: (a) the spatial overlap between the evanescent modes of the cavity and the adjacent waveguide; (b) k-vector matching between the two optical modes Modulation bandwidth as a function of the core-shifting distance, reprinted from ref [24] with permission. Note that the Q factor, V eff , Purcell factor and modulation bandwidth are all functions of the core shifting distance d. [45] . Therefore, directional emission feature in this nano-emitter is desirable as it increases the coupling efficiency to waveguide. The 2D far-field analysis in Figure 8(a,b) shows that the omnidirectional emission in the un-shifted core case becomes bi-directional when the metallic core is shifted to one side of the cavity. The evolution of the far-field emission pattern and increased directivity in Figure 8 (c) also demonstrate the same directional emission feature. Therefore, the coupling efficiency to an adjacent waveguide on chip is expected to increase because of the higher spatial optical mode overlap.
Rate-equation analysis for high speed and low power operation
The output power of nanoLEDs can be calculated according to ref [6] :
where η ¼ Q tot =Q rad is the quantum efficiency, γ ¼ ω 0 =Q tot is the total cavity mode loss rate, and s is the photon number. The distinct linear response for the photon number occurs in the limit of very low and very high pump rates [46] .
where Γ = energy confinement factor β = spontaneous emission factor (β ¼ 1 for the single-mode shifted-core coaxial nano-cavity) A = cavity-enhanced spontaneous emission rate, A ¼ F p A i (F p is the Purcell factor, A i is the natural spontaneous emission rate:~3 × 10 7 s −1 for InGaAsP) p = pumping rate in the case of ideal current injection, p ¼ I=Q n 0 = excited state population at transparency:~1.25 × 10 18 × V a for the InGaAsP cavity γ g = absorption rate due to the gain medium, γ g ¼ βΓASn 0 p ðnÞ th = threshold pumping rate (at the onset of gain clamping), p ðnÞ th ¼ ðγ þ ð1 À βÞγ g Þ=ðβΓÞ n 1 = excited state population when total gain is equal to total loss, n 1 ¼ ðγ þ γ g Þ= βΓA ð Þ Taking β ¼ 1 for the shifted-core coaxial cavity, all spontaneous emission is channelled into one single mode. If we apply β ¼ 1 to equation (5), p ðnÞ th will reduce to γ=Γ, and equation (4) and (5) will collapse into one expression:
P out is then simplified to P out ¼ η Á ðhc=λ 0 Þ Á p. The quantum efficiency η is calculated as
where the cavity quality factor Q tot is mainly determined by two loss terms, namely, radiation loss and metal loss, such that [47]
Q rad can be estimated and separated from Q loss by removing the imaginary part of the cavity metal permittivity in numerical simulations.
At each core-shifting distance, the threshold current is expressed as the product of electric charge and the threshold pumping rate
Although the design example of the shifted-core coaxial nano-emitter uses an optically pumped cavity and is thus not suitable for precise energy consumption calculation, we can still assume V DC = 3 V (a typical voltage level used in electronic ICs [22] ) to obtain a preliminary estimation. In this scenario, the estimated threshold energy consumption as a function of coreshifting distance can be computed. Modulation bandwidth based on smallsignal analysis provides a good initial assessment of the modulation speed of lasers and LEDs, as proof of concept experiments are usually performed under this circumstance [48] . However, large-signal digital modulation is used in practical applications. As a rule of thumb, the large-signal modulation rate is 1.3 times of its small-signal modulation bandwidth [49, 50] . Because the modulation bandwidth of our device is able to reach 62 GHz, it should provide an open eye diagram as long as the data rate is lower than 80 Gbps. Dividing the threshold power consumption by data rate gives the threshold energy consumption [51] , as shown in Figure 9 . Note that all values are under the criteria of required energy consumption of 50 fJ/bit to be able to compete with electrical interconnects [22] . An ideal current injection scenario is used in this evaluation, i.e. 100% conversion efficiency of electronhole pairs into photons and 100% wall-plug efficiency are assumed. It can be seen that this shifted-core nano-emitter is very energy efficient within a large data rate range from 5 to 60 Gbps. Assuming thermal detectors have 100% internal quantum efficiency, 1000 photons per bit are required for a sufficient signal-to-noise ratio above thermal detector noise [52] . For an optical link operating at 1.55 μm (hω = 0.8eV), this corresponds to 0.13 fJ/bit, which sets the lower bound of the energy output per bit. For a conservative estimation, we use a 60 Gbps non-return-to-zero (NRZ) pseudorandom 2 7 -1 bit sequence (PRBS) signal to modulate the input current, and show the energy output per bit for selected data rates and current levels in Figure 10 . Accompanied with the increasing core-shifting distance, higher operation speed can be reached (Figure 7(b) ). For each speed considered, we highlight the devices with the core-shifting distance range that can support the considered speed. If the device is used for on-chip telecommunication or quantum computation, the noise floor of the system is determined by the quantum shot noise. For optical communications, 20 photons/bit or 2.5 aJ/bit is thus needed to maintain a bit-error-rate of 10 −9 [7, 53] . Note that this device can operate at even higher data rates if the optical link has a lower noise floor.
At a given bias current level and data rate, the device energy efficiency can be calculated by dividing the energy output by the energy consumption ( Figure 11 ). Several observations can be made:
-Energy efficiency is independent of data rate, because both the energy output and energy consumption are expressed in terms of fJ/bit. The data rate is therefore canceled in the division. Figure 10 . Energy output/bit for selected data rates and current levels.
-Energy efficiency is lower for larger core-shifting distances. This is due to the reduction of the output power P out ¼ η Á γ Á ðhc=λ 0 Þ Á s, which results from the redshift of emission wavelength (Figure 7(a) ) and the decrease of quantum efficiency η (metal loss becomes more dominant) with increasing core shifting distance. -The energy efficiency at 30 μA bias current is slightly higher than that at 6 μA, although the difference is negligible. -Because we have assumed 100% conversion efficiency of electron-hole pairs into photons and 100% wall-plug efficiency at V DC = 3 V in calculating the energy consumption, the evaluated energy efficiency is expected to be significantly higher than experimentally achievable values. The wall-plug efficiency has not been studied in nanolasers to date, but wall-plug efficiency of 1.25 × 10 −7 has been reported for electrically driven subwavelength optical nano-circuits [27] .
So far, the demonstration of the shifted-core coaxial nano-emitter has been limited to optically pumped devices only. In order to enable the more realistic electrically pumped operation, the semiconductor stack must be modified to incorporate a p-i-n junction consisting of doped InP carrier transport layers. In addition, an electrical isolation layer has to be incorporated to separate the gain material from the inner and outer metal claddings. Therefore, in the electrically pumped devices, the optical modes are less confined due to the inclusion of the high-index carrier transport layers, and consequently, both the Q factor and the β factor are lowered. Nonetheless, the cavity geometry and material stack can be adjusted to minimize the number of undesired modes, either by shifting these modes out of the spectral window of gain or by shrinking the device size, such Figure 11 . Device energy efficiency for selected data rates and current bias levels, as a function of core-shifting distance.
that the cut-off free quasi-TEM mode is the only supported mode. These efforts will result in large β and Purcell factors simultaneously, and therefore a large modulation bandwidth. Moreover, it is also worth to consider utilizing photonic modes. The advantage of photonic modes is that they generally have higher Q factors than plasmonic modes, and they are less affected by the inserted electrical isolation layer in a cavity designed for electrical pumping. The disadvantage of photonic modes is that the associated β factor has a maximum value of 0.5 as these modes typically appear in degenerate pairs, and that the Purcell factor tends to be lower than their plasmonic counterparts due to their larger effective modal volume. In addition, current crowding and the associated excessive heat generation, as are common in nanoscale devices, also need to be managed for power-efficient operation. If all of the above problems can be properly addressed, an electrically pumped nanoLED of this type can be expected to play an important role in the future high-speed optical communication systems.
Discussion and future work
In this review, recent developments of nanoscale light sources for on-chip optical communications are revisited. We first discussed the feasibility of nanoLEDs being the light source for short-range optical link; then we selectively chose size scaling and enhanced spontaneous emission of nanoLEDs as the main topics of this short review. Benefits and disadvantages of device downscaling were discussed, and we used antenna theory and Purcell effect to explain the enhancement of spontaneous emission in metallic nano-cavities. Lastly, we illustrated our points with a high Purcell factor shifted-core coaxial nanoemitter design example [24] . By using rate equations to evaluate its frequency response and energy consumption, the device performance is verified to fulfill the need of high speed and energy-efficient nanoscale light sources.
Despite the growing interest in nanoLED designs, there are still plenty of challenges from the fabrication and application aspects before nanoLEDs' practical insertion into chip-scale circuits: (1) non-radiative surface recombination: although surface passivation has been demonstrated as an effective method to reduce the surface recombination, process compatibility and long-term stability of such method have not yet been well studied; (2) low optical coupling to adjacent components such as waveguides: because of the low mode overlap and large k-vector mismatch, the coupling efficiency is not satisfactory; (3) reliability: high power density raises reliability issues such as device self-heating and electro-migration; (4) output power and energy efficiency. Nevertheless, nanoLED is becoming a very attractive light source candidate for high-speed short-range optical interconnects.
